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Evaluating the effectiveness 
of sulfidated nano zerovalent 
iron and sludge co‑application 
for reducing metal mobility 
in contaminated soil
Omolola Ojo , Zuzana Vaňková *, Luke Beesley , Niluka Wickramasinghe  & Michael Komárek 

Sewage sludge has long been applied to soils as a fertilizer yet may be enriched with leachable 
metal(loid)s and other pollutants. Sulfidated nanoscale zerovalent iron (S‑nZVI) has proven effective 
at metal sorption; however, risks associated with the use of engineered nanoparticles cannot be 
neglected. This study investigated the effects of the co‑application of composted sewage sludge with 
S‑nZVI for the stabilization of Cd, Pb, Fe, Zn. Five treatments (control, Fe grit, composted sludge, 
S‑nZVI, composted sludge and S‑nZVI), two leaching fluids; synthetic precipitation leaching procedure 
(SPLP) and toxicity characteristic leaching procedure (TCLP) fluid were used, samples were incubated 
at different time intervals of 1 week, 1, 3, and 6 months. Fe grit proved most efficient in reducing the 
concentration of extractable metals in the batch experiment; the mixture of composted sludge and 
S‑nZVI was the most effective in reducing the leachability of metals in the column systems, while 
S‑nZVI was the most efficient for reducing about 80% of Zn concentration in soil solution. Thus, the 
combination of two amendments, S‑nZVI incorporated with composted sewage sludge and Fe grit 
proved most effective at reducing metal leaching and possibly lowering the associated risks. Future 
work should investigate the longer‑term efficiency of this combination.

The impairment of the ecosystem services the soil provides due to contamination makes it a global  problem1. The 
majority of pollution sources are from human made activities, which include mining, transportation, and land 
application of sewage sludge. Sewage sludge is derived as a by-product after wastewater  treatment2. It is a mixture 
of water, inorganic and organic materials extracted from various wastewater sources. A significant amount of 
these sludges is produced globally; in the European Union alone, approximately 11 million tons of these sludges 
are produced  annually3, and these sludges must be somehow used or incinerated.

Sludge must be treated to some extent before it can be further used. The type of treatment required is deter-
mined by the method of disposal. These disposal methods have great environmental significance; if not correctly 
disposed of, they can pose risks to public health and contaminate soil, water, and atmospheric resources; thus, 
adequate and proper management is  critical4. Treatment methods change sludge properties and influence the 
quality of the final product. Therefore, there is a need to select the best sludge treatment, and failure to do so 
might have ecological, social, and economic  consequences4. Treatment methods include aerobic and anaerobic 
digestion, composting, pyrolysis, thermal treatments, and stabilization with alkaline or chemical  substances5.

Sewage sludge can be applied to land after treatment; its addition alters the soil physical, biological, and 
chemical  properties6. Soil nutrient status may be improved by its application. Yet, when stored on the soil sur-
face, sewage sludge can also damage the ecosystem because of its propensity for fermentation and hazardous 
 compounds7. It contains a high concentration of metals, metalloids, pathogens, and other organic  pollutants8. 
Metal(loid)s are non-biodegradable, so they can accumulate and bio-magnify in soil and sediment after their 
 introduction9.

Nanotechnology has lately made it possible to design new cost-effective and environmentally friendly reme-
diation solutions, in contrast to conventional physicochemical  technologies10. Due to nanoparticles’ large surface 
area, they react more quickly with  pollutants11. Nano zerovalent iron (nZVI) has been used as a soil stabilizing 
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 agent12, and it can stabilize metal(loid)s in soils. Nano zerovalent iron has long been used as an inexpensive, 
efficient, and environmentally friendly reductant  (E0 =  − 0.44 V)12. The nZVI has also been tested for its ability 
to reduce and precipitate metals like Ni in biosolid thus making the metal less mobile with lower bioavailability 
and  biotoxicity2. To further increase the nZVI’s reactivity and selectivity towards target pollutants, modification 
with sulfidation has been  suggested13,14. This method alters nZVI with lower valent sulfur compounds, forming 
weakly crystalline iron sulfide in the bulk material or the nZVI particle  surface15. The nZVI particles that have 
been sulfidated (S-nZVI) have demonstrated their ability to quickly remove a variety of metals, metalloids, and 
organic  contaminants16,17.

Several studies have demonstrated the potential of nZVI in soil  remediation12. However, the potential toxi-
cological risks after nZVI application cannot be neglected. In order to minimize these unwanted side effects, the 
application of organic materials, including biosolids could promote plant growth and microbial activity in  soils18. 
The influence of S-nZVI on the leaching of metal(loid)s in sewage sludge-amended soil using both columns and 
batch approaches has yet to be studied as various factors, such as wetting heat, which is the heat energy given 
off by dry soil when in contact with water, solid phase disturbance, shaking speed, L/S ratio, and contact time, 
varies in both methods may also influence how various amendments  behave19.

The objectives of this study were to: (1) measure the beneficial effect of the co-application of sewage sludge 
with S-nZVI for stabilization of metal(loid)s in contaminated soils; (2) evaluate the leaching of Zn Pb, Cd and 
Fe from amended soils, and (3) discuss the findings in the context of environmental risks versus benefits of 
utilizing S-nZVI.

Results and discussion
Pore water
The influence of amendments on metal(loid) solubility and transport was investigated using soil pore water 
analysis (Fig. 1). The concentrations of most elements (Pb, Cd, Fe) in pore water were below the detection limit 
of the ICP OES with the exception of Zn; hence, the results for Zn alone will be discussed in this section. The 
influence of various amendments on Zn concentration in soil solution is depicted in Fig. 1a. Composted sludge 
treatment caused an initial increase in the pH (6.45 ± 0.29), then reduced the pH value until the end of incubation 
time (5.69 ± 0.28). The initial increase in soil pH might be caused due to the presence of  NH4-N in the sludge, and 
the subsequent fall was caused by an increase in nitrate concentration, as depicted in Fig. 1b. This corresponds to 
the findings of Kokina et al.20, where an initial pH increase was observed, followed by a subsequent decrease due 
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Figure 1.  Changes in the concentration of Zn (a) and nitrates (b), and pH (c) in soil pore water in amended 
soils at different incubation times. Data with the same letter represent statistically identical values (P < 0.05) 
(n = 3).
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to nitrification by the addition of N-rich residue of  NH4-N and the synthesis of acidic by-products of decomposi-
tion. The pH decrease may also be attributed to the input of  H+ by sewage  sludge21.

The results show variations in the Zn concentrations after 1 week, 1 month, 3 months and 6 months. All 
amendments with composted sludge treatment caused an increase in the concentration of Zn in solution; how-
ever, the results were statistically insignificant at these incubation periods. The S-nZVI increases the pH after 
1 month (Fig. 1c). Yan et al.22 also demonstrated similar Zn removal efficiency of nZVI, the main removal 
mechanisms for the pollutant were adsorption, complexation, and (co)precipitation23. The pH plays a significant 
role in removing Zn by nZVI; as Zn uptake increases as pH increases, this corroborates the finding of Kishimoto 
et al.24, where Zn uptake increases progressively as pH increases. The highest concentration of Zn bound to nZVI 
occurs at the pH of 7. Kržišnik et al.25 observed a similar result at pH 7, because at neutral pH, strong magnetic 
force enhances particle aggregation, thus increasing the potential of contaminant  removal26.

At 1 month incubation period, composted sludge increased the concentration of Zn in soil solution by 107%, 
indicating that composted sludge significantly increases the content of available Zn phases and its  mobility27. 
Some studies have determined that Zn may be more biologically available and mobile in soils treated with 
 sludge28.  McBride29 also showed that adding biosolids to soil can increase the fraction of bioavailable Zn. This 
mobility has been observed to increase with time after sewage sludge addition to the soil since it can form soluble 
chelates with humified and non-humidified forms of organic  matter28. The reduction in the concentration of Zn 
in collected soil solution after 1 month in samples treated with Fe grit, S-nZVI and a mixture of composted sludge 
and S-nZVI reached 30.6%, 80.2%, and 15.5%, respectively, when compared with the control. With S-nZVI been 
the most efficient in decreasing Zn concentration in soil solution.

Batch experiments
The batch experiment was conducted as a controlled method to detect other metal(loid)s not detected in the soil 
pore water analysis. The TCLP method was used to evaluate the influence of amendments on the leaching and 
migration of metal(loid)s in the soil system (Fig. 2). The pH of the samples extracted by TCLP was similar for 
all tested samples, ranging between 4.86 and 4.96 because of the buffering nature of the TCLP  solution30. The 
changes in TCLP-extractable Pb concentrations within 6 months were compared in Fig. 2a. The available Pb 
concentrations in the control group ranged between 30.9 ± 1.1 and 35.6 ± 1.3 mg  kg−1 throughout the different 
incubation periods. The concentrations of released Pb increased in the Fe grit treated samples (47.9 ± 5.6 mg  kg−1), 
and S-nZVI treated samples (45.7 ± 2.3 mg  kg−1) after 1 week incubation period; this might be attributed to the 
dissolution of Fe oxides as acetic acid could increase the number of  H+ ions that react with the –OH functional 
group. An increased number of positively charged Fe-OH groups could increase desorption of metal cations, 
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Figure 2.  Concentration of TCLP-extractable Pb (a), Zn (b), Cd (c), and SPLP-extractable Pb (d) and Zn (e) 
after application of different amendments at different incubation times. Data with the same letter represent 
statistically identical values (P < 0.05) (n = 3).
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which were then  extracted31. No difference occurred between samples treated with composted sludge and a mix-
ture of composted sludge with S-nZVI after 1 week incubation period when compared with the control samples. 
The concentrations of Pb extracted were reduced in Fe grit-treated samples after 1 month incubation period 
(33.3 ± 0.9 mg  kg−1) when compared with control samples. A further decrease was recorded after the 3 months 
incubation period (28.1 ± 1.6 mg  kg−1), indicating that Pb transformed from exchangeable to oxide-bound frac-
tion, thus decreasing the availability of Pb with  time32. However, there was no difference between the amount of 
Pb extracted in the Fe grit-treated sample after 6 months of incubation when compared with the control. S-nZVI 
treatment caused an increase in the amount of Pb extracted over the incubation period; this was contrary to the 
findings Gil-Díaz et al.33, where a significant reduction in the Pb extracted using TCLP occurred over a duration 
of 45 days. However, an earlier study by Mitzia et al.34 using the same contaminated soil as in our case reported 
an increase in exchangeable Pb fraction compared to the control after treating with nZVI. This might account 
for the increase in the concentration of TCLP-extracted Pb. There was no difference between the amount of Pb 
extracted in samples amended with a mixture of composted sludge and S-nZVI after 1 week incubation period, 
while a significant increase of 22%, 33% and 25% of Pb extracted after 1, 3, and 6 months incubation periods, 
respectively, was observed compared with the control. A slight increase in the Pb extracted was recorded for 
samples treated with composted sludge alone as incubation time increased, as the addition of soluble organic 
matter contained in composted sludge can elevate metal(loid) concentration in soil solution due to the formation 
of soluble organo-metal  complexes35. Several studies also reported an increase in Pb concentration following 
the addition of organic material such as composted sewage sludge and composted green  waste36–38. Overall, Fe 
grit caused a reduction in the concentration of extractable Pb for the first 3 months, while samples treated with 
S-nZVI alone and a mixture of composted sludge and S-nZVI showed an increase in the concentration of Pb 
extracted at most incubation times (1, 3 and 6 months).

The concentration of TCLP-extractable Zn is presented in Fig. 2b. Iron grit amendment reduces the amount 
of Zn extracted after 1 week, 1 month and 3 months incubation period by 16%, 14% and 16% compared with 
the control. Other treatments proved little to no difference in the amount of Zn extracted for the first 3 months. 
At the end of 6 months, all treatments caused a reduction in the amount of Zn extracted by 15%, 6%, 8%, and 
10% for samples treated with Fe grit, composted sludge, S-nZVI, and a mixture of composted sludge and S-nZVI 
respectively.

The lowest amount of Cd extracted was from the control after 3 months (10.9 ± 0.3 mg  kg−1) (Fig. 2c), which 
is about 28% of Cd leached with regards to the total concentration of Cd present in the soil sample. The S-nZVI 
treatment caused an increase in the amount of Cd extracted after the 1 week incubation period (12.0 ± 0.3 mg  kg−1) 
when compared to the control. There was no difference between the concentration of Cd extracted in S-nZVI 
treated samples after 1 and 3 months, but an increase occurred after 6 months (13.7 ± 3.0 mg  kg−1). This is 
contrary to the findings of Chen et al.39 and Xue et al.40, where the concentration of TCLP-extracted Cd after 
stabilization with a nZVI/activated carbon composite and S-nZVI, respectively, caused a decrease in the con-
centration of Cd extracted by TCLP. Metal speciation before and after the addition of these amendments could 
help to understand the mechanism of Cd stabilization, as their addition caused a decrease of exchangeable and 
carbonated fraction and transformation to the residual fraction in both studies. All the other amendments did 
not influence the concentration of Cd extracted after 6 months incubation period.

As depicted in Fig. 2d,e, all elements are released at relatively low quantities in SPLP compared to TCLP. This 
difference can be attributed to the extraction fluid chemistry. The TCLP fluid contains acetic acid, which can form 
acetate chelates, thus promoting Pb  solubility30. The SPLP method was conducted to simulate the leaching of 
metal(loid)s into soil during acid rain.The pH in SPLP-extracted samples ranges between 5.95 and 6.75. In con-
trast to the buffering nature of TCLP, the SPLP fluid allows the sample’s pH to  fluctuate41. The Pb concentrations 
extracted in all variants do not differ after the first month (Fig. 2d). At the end of the 3 months, samples treated 
with Fe grit and S-nZVI showed a reduction by 73% and 68% in the amount of Pb extracted, respectively, when 
compared to the control. The differences in the Pb concentrations in extracts from SPLP-treated samples when 
compared to TCLP-treated samples may be attributed to the adsorption of Pb to soil organic  acids42. Lead could 
form complexes with acetate ions. These complexes would compete with the adsorption reaction of Pb ions with 
the surface; since hydrolyzed metal species and metal complexes are preferentially adsorbed over free metal ions, 
the formation of more thermodynamically favorable precipitate may cause a decrease in the concentration of 
dissolved  Pb42. Chen et al.39 and Pinto and Al-Abed30 also demonstrated a similar decrease in Pb concentration 
in SPLP-leached sediments when compared with the TCLP-leached samples. Significant reduction in the con-
centration of Zn extracted from variants with Fe grit (52%, 44%, 29%), S-nZVI (38%, 55%, 70%), and a mixture 
of composted sludge and S-nZVI treated samples (39%, 65%, 59%) was observed after 1 week, 3 months and 
6 months incubation periods, respectively, when compared with the control (Fig. 2e). No difference was observed 
between the samples treated with composted sludge alone at all incubation periods compared to the control.

Column leaching
TCLP
Column experiment was performed to evaluate the effect of various amendments on the mobility of metal(loid)
s under dynamic flow conditions in contrast to the static batch experiment. The changes in the concentration of 
Zn and Pb, and Cd and Fe leached using TCLP are depicted in Figs. 3 and 4 below. The most significant differ-
ences among the amendments were observable within the first 120 min, while the system reached the equilibrium 
roughly after 120 min, except in samples treated with a mixture of S-nZVI and composted sludge, which caused a 
continuous decrease in the concentrations of most elements, throughout all sampling times when compared with 
the control. The Fe grit causes an increase in the concentration of Cd (Fig. 4a) and Pb (Fig. 3e) leached after the 
first 75 min at the end of 1 week incubation period when compared with the control; this effect was short-lived as 
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the concentration of Zn (Fig. 3b), Pb (Fig. 3f), and Cd (Fig. 4b) leached after 1 month incubation was no different 
when compared with the control. However, Fe grit caused a reduction in the concentration of Cd, Zn and Pb up 
to the first 120 min after 3 months and 6 months incubation period in comparison with the control, with Fe grit 
being the best amendment for reduction of Pb leaching at the end of the 6 month incubation period. Leachates 
from columns containing soils treated with S-nZVI had much lower Pb (up to 1 month) and Zn (up to 6 months) 
contents than those from control soils. The immobilization of Zn was less effective than Pb, and this difference 
is attributed to the difference in chemical characteristics between the two metals. The removal mechanism for 
Pb by nZVI is sorption and partial chemical reduction, Zn ions are bound to Fe surface by sorption or surface 
complex  formation43. Gil-Díaz et al.44 reported a similar decrease in the concentrations of Pb and Zn in leachates 
from columns containing soils treated with nZVI, being significantly lower than those from the untreated soils.

The S-nZVI amendment increased the concentration of Cd towards the end of sampling time (105 min) after 
1 week (Fig. 4a) and 3 months (Fig. 4c) incubation period when compared with the control. Composted sludge 
alone had little to no influence on the change in concentration of Zn and Pb at the end of 1 week of incubation. 
However, both Pb and Zn concentrations were significantly reduced after 1 month and 3 months, after which the 
effect phased out and at 6 months, as no difference was observed compared to the control. Several studies inves-
tigating the Zn mobility changes driven by sewage sludge application found that the adsorption of Zn to the soil 
solid phase caused a reduction in the amount of Zn leached in  columns21,45, indicating that soil solid surface acted 
to remove soluble Zn from its organic ligand. Zinc can also be bound to organic matter or carbonates present in 
sewage sludge. The effect of the mixture of composted sludge and S-nZVI treatment was pronounced throughout 
all incubation periods as the most effective amendment for the reduction of the leaching of all elements (Zn, 
Cd, and Pb) at all sampling times. However, after 6 months, this amendment increases the concentration of Pb 
(Fig. 3h) and Cd (Fig. 4d) when compared with the control sample towards the end of the sampling time.
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various soil amendments at different incubation times.
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SPLP
The concentration of Zn and Fe leached from amended soil using SPLP is depicted in Fig. 5 below. All amend-
ments’ influence on Zn leaching is pronounced mainly in the first 45 min at all incubation times. It suggests that 
the SPLP-leached samples reach equilibrium faster than the TCLP-leached samples. The concentrations of Cd 
and Pb leached using SPLP were below the detection limit of ICP OES, indicating the effect of the fluid chemistry 
on the leaching of these metals. For instance, acetic acid present in TCLP can promote Pb leaching due to the 
formation of soluble acetate  chelates30.

Composted sludge treatment increases the concentration of Zn only in the first 15 min at all incubation 
periods, after which the concentration of Zn leached does not differ from control. S-nZVI reduces Zn leaching 
after the first 45 min after 1 week and 1 month incubation period but increases Zn leaching at the first sampling 
time (15 min), after which no difference occurs when compared with the control. The Fe grit reduces Zn leach-
ing only in the first 15 min at all incubation periods, after which concentrations do not differ compared to the 
control. Samples treated with a mixture of composted sludge and S-nZVI reduce Zn leaching only in the first 
60 min at all incubation times compared with the control.

The influence of applied amendments on Fe leaching is depicted in Fig. 5. The addition of all amendments 
increases the concentration of released Fe at 1 week variants, with the exception of samples treated with a mixture 
of composted sludge and S-nZVI. The S-nZVI and Fe grit amendment reduced Fe concentration at 1 month, 
but samples treated with a mixture of composted sludge and S-nZVI caused an increase in Fe concentration in 
the same incubation period. No difference occurs between Fe concentrations after 3 and 6 months in all amend-
ments. However, most of the Fe concentrations leached from samples with composted sludge and S-nZVI mix 
were below the detection limit of ICP OES at most sampling points for 3 and 6 months.

The differences in the effect of amendments in the batch and column system may be attributed to the dis-
crepancy in the experimental method as variations exist between them, certain factors like shaking speed, L/S 
ratio, and contact time are not the same in both experiments and may also impact the behavior of amendment.
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Benefits and risk of S‑nZVI usage
The use of S-nZVI for the stabilization of metal(loid)s appears to be a promising option. S-nZVI has been 
described in recent years to improve nanoparticle selectivity and reaction rate for target pollutants. While the 
use of S-nZVI may be considered as the ‘best’ treatment option in some cases, it might not be suitable in other 
cases; as obtained from our study, the application of S-nZVI alone without co-application of composted sludge 
was the best for the removal of Zn from soil solution. For the batch experiment, S-nZVI caused an increase in 
the concentration of Pb for TCLP-leached samples. The co-application of S-nZVI and composted sludge in the 
column experiment resulted in a constant decline in all elements of interest; therefore, it is possible to infer 
that several factors, including the experimental setup, may affect S-nZVI efficiency. Besides adsorption/surface 
complexation, another reaction mechanism between metallic contaminants and S-nZVI is sulfide precipitation, 
since sulfur has a large affinity for metals. Sulfur is also oxidized to  S0 and  SO4

2− during the reaction and the 
environmental impact of the S-nZVI is thus of  concern46.

Rank abundance diversity analysis indicates that S-nZVI treatment poses lower cytotoxicity to microbial 
diversity. Additionally, microbial community responses after S-nZVI treatment showed that proteobacteria were 
promoted while actinobacteria were  repressed47. Semerád et al.48 investigated the effects of S-nZVI on an activated 
sludge microbial community and showed no discernible negative effects, which was in contrast to the findings 
of Hui et al.49, where S-nZVI increased soil microbial diversity and altered the structure of bacterial and fungal 
communities. Cheng et al.50 also used Escherichia coli as a model organism to assess the toxicity of S-nZVI in an 
aqueous environment and indicated that S-nZVI had low toxicity (less than 0.35-log) to E. coli, indicating that 
there was no risk associated with S-nZVI in aquatic environments.
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Materials and methods
Characterization of tested soil and amendments
The soil sample used in this study was obtained from the smelting region of Pribram, Czech Republic. The 
Pribram soil has been polluted from metallurgical activities through atmospheric deposition of contaminants 
and by historical floods, which enriched the soil with risk metal(loid)s. According to earlier studies conducted 
in the study area, Pb, Cd, and Zn are mainly prevalent in the most mobile  fractions51. Even though mining was 
stopped in 1978, the smelting activities are still operational.

The soil’s top horizon (0–20 cm) was taken, air-dried, homogenized, and sieved through a 2 mm sieve. The 
soil was already characterized by Michálková et al.52. The S-nZVI slurry used was produced by Nano Iron Ltd. 
(NANOFER 25DS, Czech Republic), and the Fe grit was provided as a waste product originating from cast iron 
cutting. The composted sludge was obtained from a wastewater treatment plant in the Czech Republic. Various 
composting piles were set up, and the biomass for composting was prepared by mixing raw sewage sludge and 
grass pruning. The composting duration was eight months. Total elemental concentrations in the composted 
sludge and Fe chips were determined using ICP OES (iCAP 7000 series, ICP spectrometer, Thermo Scientific, 
USA) after microwave acid digestion which was performed following US EPA method 3050A using a representa-
tive 0.5 g of sample in a mixture of  HNO3, HCl and HF (9:3:1). Analytical blanks containing only the reagent 
were also prepared. After the microwave digestion, samples were evaporated to dryness at 100 °C and dissolved 
in 10 mL 2%  HNO3. Quality control of sample digestion was done by analyzing certified reference materials 
BCR-483-70G and NIST2710A and comparing the results obtained with the certified values. The physicochemical 
properties of the tested contaminated soil and soil amendments are summarized in Table 1.

Soil pore water analyses
The impact of the amendments and incubation period on the chemistry of soil pore water was investigated. 
Five treatments were used: (control (C), 1% S-nZVI (CS), 1% Fe grit (CF) (w/w), 1% composted sludge (CC) 
(w/w), 1% composted sludge (w/w) + 1% S-nZVI (CCS) (w/w)). The 200 g of dry soil was used per pot with three 
replicates per amendment and per each incubation time (1 week, 1 month, 3 months and 6 months). Rhizon 
sampler (Rhizosphere Research151 Products, Netherlands) was attached to the base of each container. The pots 
were watered twice weekly to maintain the moisture level at the field capacity. After each incubation period, the 
soil pore water was collected using the Rhizon sampler and analyzed. The contents of metal(loid)s, DOC, and 
anions were determined as described above, and pH and Eh values were recorded.

Batch experiment
To find out how the addition of the tested amendments affects the mobility of metal(oid)s in the contaminated 
soils, incubation batch experiments were conducted. For this experiment, the same amendments (type of amend-
ment and dosage) and experimental design (incubation times, number of replicates) as in the experiment dealing 
with soil pore water sampling were used (see “Soil pore water analyses” section). At the end of each incubation 
period, soil samples were dried at 60 °C for 48 h. 2 g of the dried soil were transferred into an extraction vessel. 
Appropriate volumes of the SPLP solution, pH 5.00 (US EPA methods 1312), or TCLP solution, pH 4.93 ± 0.05 
(US EPA method 1311), were added to soil at a 1:20 (w/v). The vessel was left to agitate for 18 h, after which 
samples were centrifuged at 5000 rpm for 10 min. The liquid and solid phases were separated by filtration through 

Table 1.  The physicochemical characteristic of the study soil represented as mean ± standard deviation (n = 3). 
< dl results lower than the detection limit of the ICP OES.

pHH2O 5.95 ± 0.02

pHKCl 5.14 ± 0.04

CEC (cmol/kg) 9.08 ± 0.52

TOC (%) 2.15 ± 0.05

Particle size distribution (%)

 Clay Silt Sand

 7 31 62

Soil classification

 Sandy loam

Total metal(loid) concentrations mg/kg (n = 3)

mg  kg−1 Composted sludge Fe grit

As 296 ± 60  < dl  < dl

Pb 3539 ± 37 28.3 ± 3.4 42.2 ± 8.8

Cd 39 ± 10  < dl  < dl

Zn 4002 ± 68 358 ± 10 1226 ± 86

Cu 68 ± 30 109 ± 2 1392 ± 59

Fe 37,408 ± 19 17,592 ± 414 817,888 ± 65,610

Mn 4276 ± 34 386 ± 3 7369 ± 477
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a 0.45 μm cellulose acetate syringe filter. The leachates collected were analyzed for metals, anions, and dissolved 
organic carbon; the pH and Eh values were also measured.

Column experiment
The influence of various amendments on the transport behavior of contaminants in the tested soils was investi-
gated using a column experiment. Similar amendment to soil pore water sampling is used (see “Soil pore water 
analyses” section). Five treatments were used: (control (C), 1% S-nZVI (CS), 1% Fe grit (CF) (w/w), 1% com-
posted sludge (CC) (w/w), 1% composted sludge (w/w) + 1% S-nZVI (CCS) (w/w)). Prior to the leaching of soil 
samples in the columns, soils with applied amendments (including control soil) were pre-incubated for different 
time intervals to enable the evaluation of the time-dependent changes in contaminants’ leachability. For this 
purpose, a mass of 30 g of soil (amended or control) was put into the pot (this mass was recalculated depending 
on the percentage of each amendment). The pots were regularly watered with deionized water to maintain field 
capacity for different time rates (1 week, 1 month, 3 months, and 6 months). After each incubation period, the 
soil sample was used in the column experiment.

Two different solutions: (i) synthetic precipitation leaching procedure (SPLP) at pH 5.00 (US EPA method 
1312) and (ii) toxicity precipitation leaching procedure (TCLP) at pH 4.93 ± 0.05 (US EPA method 1311) were 
used as leaching solutions. The TCLP aims to simulate contaminant leaching in municipal landfills. The SPLP, 
on the other hand, tries to mimic the leaching of contaminants under acidic precipitation. After each incubation 
period, samples were transferred into a column (BIO-RAD Econo glass chromatography columns of dimen-
sion 2.5 × 30 cm). For practical reasons, the columns were operated in a down-flow mode. In order to minimize 
the risk of preferential flow and channeling, a low flow rate (0.5 mL  min−1) controlled using peristaltic pump 
was used. The same operation mode was used for all the treatments. The leachates collected were analyzed for 
metal(loid)s using ICP OES, anions using the ion chromatography (IC, Dionex 5000+, Thermo Fisher Scientific, 
USA), and the dissolved organic carbon (DOC) using a TOC/TC analyzer (TOC-LCPH, Shimadzu, Japan). The 
pH and Eh values were recorded.

Statistical analysis
Statistical analyses were performed using SigmaPlot 14.0 (Statsoft Inc., USA). Experimental data were evaluated 
using analysis of variance (ANOVA) at P < 0.05 using the Tukey post hoc test.

Conclusion
Sulfidated nano zerovalent iron (S-nZVI) was used in combination with composted sewage sludge to evaluate its 
ability to reduce the leachability of Pb, Cd, Zn, while the release of Fe from added amendments was investigated as 
well. In batch experiments, Fe grit amendment proved to be generally the most effective for reducing the release 
of targeted contaminants. In contrast, the composted sludge and S-nZVI mix amendment proved to be the most 
effective in column experiments. The Pb, Cu, and Zn concentrations in the TCLP extract followed the decreas-
ing order of Zn > Pb > Cd. Differences in fluid chemistry of the leaching solution SPLP and TCLP also affect the 
leaching of Zn, Cd, and Pb. In common with many, or even most, studies investigating metal(loid) leaching pH 
is the most important factor for Zn removal by nZVI in soil solution. Both amendments (Fe grit and a mixture 
of composted sludge and S-nZVI) have proven effective depending on the experimental condition, with Fe grit 
being the most cost-efficient of the two amendments and might be a good use for waste material.

As a next step, an evaluation of the long-term effects of both amendments should be conducted. Also, the 
toxicological effects of both amendments should be evaluated on a short and long-term basis. Since samples 
amended with composted sludge alone have little to no influence in the stabilization of contaminants both in 
the batch and column experiment in this study, it is recommended that subsequent studies should use higher 
doses greater than 1% to test its stabilization potential. The obtained results show that S-nZVI is efficient for the 
stabilization of metal(loid)s. However, it is necessary to investigate further its fate and potential toxicity as cur-
rent toxicological data are mostly derived from short-term experiments. To further comprehend any potential 
environmental concern, it is necessary to explore the long-term evaluation of S-nZVI especially in the field. 
Lastly, we advise using both short- and long-term environmental monitoring, focusing on the ecotoxicological 
impacts of S-nZVI as well as its transport and persistence.

Data availability
The datasets generated and analysed during the current study are available from the corresponding author on 
reasonable request.
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